We propose that the bulk of X-rays observed in pulsars results from the synchrotron radiation of e ‫ע‬ pairs created in strong pulsar magnetic field near the neutron star surface by curvature photons emitted by charged particles on their way from the outer gap to the neutron star surface. The characteristic energy of these curvature photons is completely determined by the size of the outer gap, which is self-consistently limited by thermal Xrays from the neutron star surface heated by the backflow electrons/positrons from the outer gap. It is this limitation of the outer gap size (potential drop) that constrains the luminosity L X of the synchrotron X-rays emitted by a pulsar to about 0.1% of its spin-down power L sd .
INTRODUCTION
The X-ray emission from 27 rotation powered pulsars have been detected so far by ROSAT and ASCA. The observed emission properties in the soft X-ray band have been recently reviewed by Becker & Trümper (1997) . The most remarkable effect reported in this review is an apparently linear relationship between the X-ray luminosity L X for all rotation-powered pulsars detected by ROSAT and the spin-down luminosity L sd . A very narrow distribution of L X around 10 Ϫ3 L sd extends over 8 orders of magnitude. Seward & Wang (1988) were the first to point out a possibility of such correlation for the Einstein data and Ö gelman (1995) has advocated for a strong effect using a smaller sample of the ROSAT data.
There are many possible mechanisms to explain the X-ray emission from pulsars, including the internal frictional dissipation between the stellar crust and the crustal superfluid (Alpar et al. 1984; Shibazaki & Lamb 1988; Cheng et al. 1992) , polar gap heating (Arons 1981; Harding, Ozernoy, & Usov 1993) , outer gap heating (Cheng 1987; Halpern & Ruderman 1993) , accretion from interstellar medium (Paczyński 1990) , accretion of the white dwarf companion onto the neutron star (Edelstein, Foster, & Bowyer 1995) , pulsar wind nebular emission (Arons & Tavani 1993) , monopole-catalyzed nucleon decay inside the neutron stars (Freese, Turner, & Schramm 1983) , etc. However, Becker & Trümper (1997) argued that the surprisingly narrow correlation between L X and L sd , holding for both canonical and millisecond pulsars, strongly suggests that the bulk of the observed X-rays is emitted at the expense of rotational energy of a neutron star, and therefore, it has to be of a nonthermal magnetospheric origin. In fact, there is no reason why any kind of thermal emission should reflect almost exactly 0.1% of the rotational energy available. In this Letter we propose a model that explains the linear relationship by means of
magnetospheric synchrotron radiation of secondary e ‫ע‬ pairs produced by high-energy curvature photons in the strong pulsar magnetic field near the neutron star surface.
THE MODEL
High-energy g-ray emission can be explained in terms of either polar cap models (see, e.g., Harding 1981; Dermer & Sturner 1994; Rudak & Dyks 1998) or outer gap models (see, e.g., Cheng, Ho, & Ruderman 1986a , 1986b Ho 1989; Cheng & Ding 1994; Cheng & Wei 1995; Romani 1996) . In this Letter, we use a newly developed outer gap model proposed by Zhang & Cheng (1997) . In their model the characteristic photon energy is completely determined by the size of the outer gap (f) and is given by eV, where P is
the pulsar period in units of seconds, B 12 is the dipolar magnetic field in units of 10 12 G, and the radius of the neutron star (R) is assumed to be 10 6 cm. Half of the primary e ‫ע‬ pairs in the outer gap will move toward the star and loss their energy via the curvature radiation. The return particle flux can be approximated by , where is the Goldreich-Julian
1˙Ṅ
≈ fN N ‫ע‬ e GJ GJ 2 particle flux (Goldreich & Julian 1969) . Although most of the energy of the primary particles will loss on the way to the star via curvature radiation, about 10.6 ergs per particle will 1/3 P still remain and finally deposit on the stellar surface. This energy will be emitted in terms of X-rays from the stellar surface (Halpern & Ruderman 1993) . The characteristic energy of Xrays is given by eV. The keV
X-rays from a hot polar cap will be reflected back to the stellar surface due to the cyclotron resonance scattering if there is large density of magnetic produced e ‫ע‬ pairs near the neutron star surface (Halpern & Ruderman 1993) , and eventually reemit softer thermal X-rays with characteristic energy
Despite the X-ray photon density is very low, every pair produced by X-ray and curvature photons collision can emit 10 5 photons in the gap. Such huge multiplicity can produce sufficient number of e ‫ע‬ pairs to sustain the gap as long as the center of mass energy of X-ray and curvature photon is higher than the threshold energy of the electron/positron pair production, i.e.,
. From the condition for the pho-
X g e ton-photon pair production, the size of the outer gap limited by the soft thermal X-rays from the neutron star surface can be determined as
s 12
It should be emphasized that . If , it means that there
is not sufficient e ‫ע‬ pairs near the neutron star surface and then the keV X-rays from a hot polar cap will escape from the star. In this case, the size of the outer gap is limited by the hard Xrays and is given by
Obviously, if both and are greater than 1, then a selff f s h sustained outer gap does not exist. Any fluctuation of the gap can be stabilized by the process described above. In fact, the increase of gap size will increase the X-ray flux and the overproduced pairs can reduce the gap size. Similarly, the decrease of the gap size will produce insufficient pairs and results in the increase of the gap size (see also Cheng 1994) . The primary electrons/positrons leaving the outer gap emit curvature photons with typical energy
g where , s is the local radius of curvature,
is the light cylinder radius, and value of x evaluated at the position (x min ), where the primary electrons/positrons just leave the outer gap, depends sensitively on the inclination angle x. Zhang & Cheng (1997) have estimated that x min could be as small as 0.3. This value of x min yields GeV for Geminga, which is consistent with E ∼ 25.6 g the estimation by Halpern & Ruderman (1993) . We want to emphasize that the curvature photon energy emitted by the backflow electron/positrons is higher than that of the average curvature photon energy because the radius of curvature at the inner boundary of the outer gap can be smaller than that of the average value by a factor of 3. These photons will be converted into the secondary e ‫ע‬ pairs by the neutron star magnetic field if the pair production condition in strong magnetic field is satisfied (Erber 1966; Ruderman & Sutherland 1975) 
where B s is the surface magnetic field. These secondary e ‫ע‬ pairs will lose their energy via synchrotron radiation with the following typical energy GeV, equation (5) gives the position of the first E ϭ 25.6 g generation of e ‫ע‬ pairs , and equation (6) gives the r /R ϭ 24.0 s energy of first generation of synchrotron radiation E ∼ syn GeV. Since these synchrotron photons are emitted toward 1.28 the star, they will encounter stronger magnetic field and convert into e ‫ע‬ pairs, which again radiate their energy via synchrotron radiation. We can derive a general formula for the typical energy of each generation of e ‫ע‬ pairs. From equation (4) ϭ .
Therefore, each new generation of e ‫ע‬ pairs will reduce their energy by a factor of ∼0.05 and comes closer to the star by a factor of ∼0.37. In case of Geminga, the pairs start with energy ∼1.28 GeV. It takes about two generations to reduce their energy 1.28 GeV # (0.05) 2 MeV ∼ 3.2 MeV, and the pair production processes stop at . The syn-
chrotron spectral index starts with Ϫ1.5 and evolves to become Ϫ1.9. We argue that an electromagnetic cascade will take place until the energy of synchrotron photons is ∼1 MeV and the spectral index ∼Ϫ2. The total number of secondary e ‫ע‬ pairs created in the electromagnetic cascade is given by Zhang & Cheng (1997) s Ϫ1 , where ≈ fN N ϭ 2.7 # 10 B P GJ GJ 12
Julian particle flux, is the distance to the inner 2 r ∼ 4R /9 tan x i L boundary of the outer gap. Furthermore, the synchrotron spectrum is given by
where r f is the position where the electromagnetic cascade stops and
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If we take , which is less than unity for most X-ray pulsars, f ϭ f s then we have pulsars, for which the light cylinder is much closer to the star than that in canonical pulsars we have to use (the much r ≈ R s stronger multipole surface magnetic field will allow the copious pair production there) and Becker & Trümper (1997) are presented in Figure 1 . The data points from Becker & Trümper (1997) (their Fig. 4 and Table 1 ) are reproduced by open symbols, and corresponding theoretical values are represented by filled symbols. Pulsars with detected gray emission are marked by circles, diamonds represent millisecond pulsars and squares correspond to canonical pulsars with no g-ray emission detected. In Table 1 , the typical parameters and expected values for 25 pulsars are given.
As one can see from Figure 1 , both linear relationship and scatter of L X around 10 Ϫ3 L sd -values are reproduced by our model well. According to equations (15) and (16), the scatter is due to a numerical factor depending on P and B, which should be largest for small P-and B-values. Therefore, from theoretical point of view, discrepancies between the observed and the model values of L X result from the actual value of the inclination angle, which was set to in the model cal-⅙ x ϭ 55 culations. The largest discrepancy is less than a factor of 100, which is PSR 1055Ϫ52 (in fact, this pulsar is likely a orthogonal rotator interpreted by the radio observation; Lyne & Manchester 1988) . Since L X depends on the fourth power of tangent of the inclination angle x, this discrepancy can be explained easily by about 20Њ deviation of the actual inclination x angle from 55Њ. On the other hand many theoretical values (filled symbols) lie close to the observed values (open symbols), meaning that the actual inclination angle in these pulsars.
⅙
x ≈ 55 However, our intrinsic scatter of L X -values around 10 Ϫ3 L sd -values seems a little bit small, regarding large uncertainties in the pulsar distance, the absorption column and the moment of inertia. Therefore, the actual distribution of inclination angles is probably broader, which would automatically imply wider scatter in the X-ray luminosities.
In order to apply our model to the millisecond pulsars, we had to assume that the surface magnetic field, which extends to at least one stellar radius cm from the surface, has 6 R ϭ 10 a multipolar structure with a much stronger B than one can conclude from the magnetic braking law. This is important for at least two reasons. First, a canonical magnetic field of millisecond pulsars is too weak for the resonant scattering of hard X-rays to occur (and therefore the size of the outer gap would be limited by hard thermal X-rays coming directly from the hot spot near the polar cap). Second, and much more importantly, such a low canonical magnetic field would not allow a magnetic pair production cascade even at , which is the r ≈ R critical mechanism for our X-ray emission model. The existence of much stronger multipole components of magnetic field near the polar cap have been suggested by many authors for different reasons (Sturrock 1971; Ruderman & Sutherland 1975; Bulik et al 1992; Gil & Krawczyk 1997) . Perhaps the most important reason is a possibility of a cascade pair production in strong and curved magnetic field of an inner gap in radio pulsars. Here we provide an additional evidence of a multipolar surface magnetic field based on the observed X-ray emission of the millisecond pulsars.
SUMMARY AND DISCUSSION
We developed a model of nonthermal X-ray emission from rotation-powered neutron stars based on the self-consistent thick outer gap model (Zhang & Cheng 1997) . The observed X-rays result from the synchrotron radiation of e ‫ע‬ pairs created in strong pulsar magnetic field by curvature photons emitted by charged particles backflowing from the outer gap to the neutron star surface. The characteristic energy of that curvature photons is completely determined by the size of the outer gap, which is self-consistently limited by thermal X-rays from the neutron star surface heated by the backflow electrons/positrons accelerated in the outer gap (Zhang & Cheng 1997) . It is this limitation of the outer gap size (potential drop) expressed in equation (1) or equation (2), which constraints the luminosity L X of the synchrotron X-ray emitted by a pulsar to about 0.1% of its spin-down power L sd , as observed. Our model explains successfully not only a linear relationship extending L ∝ L X sd over 8 orders of magnitude, but also a narrow scatter around 10 Ϫ3 L sd -values. Finally, we want to make two remarks.
(1) Whether the cascade can be developed sensitively depends on the inclination angle. More detailed comparison between model spectrum and the observed data is necessary. (2) The electromagnetic cascade development in the case of millisecond pulsars is not clear because we have assumed that a much stronger multipole field exists on the surface of millisecond pulsar. However, the actual structure of the multipole field is not known. Further investigation on this subject is necessary.
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